The ratios of the in-medium to free nucleon structure functions for the unpolarized and polarized cases are obtained using the MIT bag model for the free case, along with the QMC model to incorporate the in-medium modifications of the structure functions. As discussed in earlier work, the observed nuclear EMC effect is reasonably well described. This gives us confidence to investigate the predictions of the model for the polarized EMC effect, the ratio g * 1 (x)/g 1 (x) for a bound proton to that of a free proton. This ratio is found to be substantially different from unity and very similar in shape and size to that found in the unpolarized case. This prediction of such a fundamental change in the valence structure of a bound nucleon needs to be tested experimentally at the earliest opportunity.
Introduction
Our understanding of nuclear structure was severely challenged by the unexpected experimental results released by the European Muon Collaboration (EMC) in 1983. Roughly speaking, EMC compared the structure function of a free nucleon to that of a bound nucleon and found there was a significant difference between them [1, 2] , especially in the valence region. The ratio of the in-medium to free structure function of the nucleon was found to drop below one in that region, indicating a suppression of the bound nucleon's structure function, which became known as the EMC effect [3, 4, 5] .
The discovery that the nucleon structure functions differ substantially in-medium compared to the free case surprised the nuclear physics community, pointing to a potential new approach to nucleon structure. One such approach is the Quark Meson Coupling (QMC) model [6, 7, 8] , which explicitly allows the quark degrees of freedom to respond self-consistently to the nuclear mean fields and leads naturally to changes in the internal structure of the bound nucleons. Initial work within the QMC model did in fact reproduce the main features of the EMC effect [9, 10] but this work required some finesse to overcome technical difficulties with momentum conservation in the bag model [11] .
More recently Cloët, Bentz and Thomas [12, 13] overcame the limitations of the bag model by using the covariant NJL model [14] for the structure of the nucleon within a QMC-like framework in which, once again, the internal structure of the nucleon was self-consistently solved in the mean fields generated in nuclear matter [15] . The calculations made in this model were successful in reproducing the unpolarized EMC data across the periodic table. These authors also extended their calculations to make predictions for the spin dependent structure function of odd-A nuclei. There they found a considerably larger change, referred to as the "polarized EMC effect", than that found in the unpolarized case.
Here we aim to investigate the model dependence of the results reported by Cloët et al. by calculating the spin dependent EMC effect in the QMC model, using the MIT bag model [16, 17, 18, 19] for the structure of the nucleon. This is especially important as there is yet no consensus on the origin of the EMC effect.
The work done within the QMC model and its NJL generalization is based upon mean-field theory, with the structure of all of the bound nucleons modified in proportion to the local mean fields. On the other hand, there has recently been much interest in the suggestion that the EMC effect might only be associated with those nucleons involved in short-range correlations [20, 21, 22] . As the contribution of correlated nucleons to the spin dependent structure function of a nucleus is expected to be suppressed, a measurement of this effect promises to be a valuable source of information in separating these two explanations. In parallel with such a measurement, we need the very best estimates of the polarized EMC effect within any particular model.
Calculation of the Structure Functions
In this work we employ the MIT bag model [16, 17, 18, 19] to describe the structure of the free nucleon. It is a simple, yet successful phenomenological model for quark confinement, within which three non-interacting quarks are bound to a spherical region of space, with the boundary condition that the quark vector current normal to the surface vanishes. The quarks being treated as non-interacting is justified by appealing to the idea of asymptotic freedom, and the hard boundary condition is a crude implementation of quark confinement. An attractive advantage of the model is that many calculations can be carried through analytically, giving valuable insight into the origin of the effects of the medium on the quark distributions.
As we already remarked, while the usual formulation of the bag model is convenient for calculating static properties, it is not ideal for the study of deep inelastic scattering where the conservation of energy and momentum is essential to ensuring the correct support of the parton distribution functions (PDFs). For this reason Schreiber et al. [23] chose to perform the calculations of the PDFs in a framework where energy and momentum conservation was imposed [24] before any approximations were made. The formulation of Schreiber et al. builds in these conservation laws and, in addition, uses the Peierls-Yoccoz method [25] to construct approximate momentum eigenstates.
The PDF of a longitudinally polarized quark of flavor f inside of a longitudinally polarized nucleon of mass M can be calculated by evaluating:
where x is the light-cone (+) 1 momentum fraction of the nucleon carried by the quark, which is described by wave function Ψ f , while P and s describe the momentum and the spin of the nucleon. The notation ↑↓ indicates aligned or anti-aligned helicities of the quark and the nucleon and the polarized PDF can be expressed (e.g., [26] ) in terms of the conventional unpolarized, f (x), and the helicity dependent, ∆f (x), distributions as q ↑↓ (x) = 1/2(f (x)±∆f (x)). The sum is over all possible intermediate states n with momenta p n when probing the quark in a deep inelastic scattering process. We consider only diquark intermediate states, that provide the dominant contribution to the quark PDF [23] , which yields the following expression
The spin-flavor wave function of the initial nucleon at rest is denoted by |µ , and P f,m is a projector operator onto quark of flavor f and spin m. The functions φ 3 and φ 2 are the normalizations of the 3-quark and diquark wave functions, and M n is the mass of the intermediate state.
In the zero mass quark case the MIT bag wave function for a spatial coordinate r takes the form [17, 27] 
1 The + component of a 4-vector a here is defined as a + = a 0 + a 3 with lowest energy eigenfrequency solution Ω 2.04. Here R is the bag radius, j 0 and j 1 are the spherical Bessel functions of the first kind, χ m are spinors, and σ are the Pauli spin matrices. The normalization of the wave function is given by
Using the Peierls-Yoccoz method to obtain the approximate eigenstates of momentum, we find
and
where T (v) is the overlap function for quarks in displaced bags, and the following substitutions have also been made
The overlap function can be evaluated using the bag wave function, yielding
where T t (v) corresponds to the overlap integral of the upper component of the bag wave function and T b (v) to the lower component. The Fourier transform of Ψ is given as
where
Here we have defined
and the function
corresponds to the upper component of the bag wave function, while the function
corresponds to the lower component of the bag wave function. The polarized PDF in Eq. (2) for u and d quarks can be then evaluated using the spin-flavor matrix elements taken from Ref. [23] 
are obtained by substituting the spin-dependence decomposition of Ψ in Eq. (11) into the expression (2). Phenomenologically, it is important to include the effect of the hyperfine splitting arising from onegluon-exchange in the calculations of the quark distributions. This accounts for the mass splitting between a diquark state with quark spins aligned, the so- 
The subscripts s and v indicate that the diquark masses M n,s and M n,v , respectively, are to be used when evaluating the distributions F s (x) and F v (x) (Eq. (20)) and G s (x) and G v (x) (Eq. (21)).
The contributions from the four-quark intermediate states can be determined in a similar way to the two-quark intermediate state [23] . However, the additional uncertainties associated with the four-quark contributions, which are confined to small-x, lead us to replace an explicit calculation of the shape by the phenomenological form (1 − x) 7 , which is very close to that calculated for F (4) (x) in Ref. [23] .
In-medium effects
For simplicity, we consider an isoscalar medium in which we need only the scalar and the vector mean fields. The latter simply shifts energy scales, while the former modifies the mass of the confined quark leading to significant changes in the valence quark wave function. In the nuclear medium, the mean scalar field,σ, modifies the quark mass as m * q = m q − g q σσ , where m q is the mass of the quark inside a free nucleon, and g q σ is the coupling of the scalar field to the light quarks. The quark wave function in the bound nucleon at the spatial coordinate r is given by [27] 
and N * is the new normalization factor. The factor b, appearing in the lower component of the bag wave function, leads to an alteration of the expression for s 2 (u) (c.f. Eq. (17)), so that
while the expression for s 1 (u) (Eq. (16)) remains unchanged. The functions arising from the Peierls-Yoccoz projection become
where the overlap integral of the bag wave function is now
where T t and T b have the same functional form as in the free case (Eq. 8). In order to determine the eigenfrequency one must solve the equation
Apart from the change in the valence quark wave function, the effect of the σ mean field also needs to be included through effective masses of the nucleon and the diquarks. The effective mass of a bound nucleon is given by [29] 
where d = 0.22R, and R is the bag radius. Studies have shown that Eq. (32) is quite accurate up to values of g σσ = 400 MeV [30] , which will be sufficient for our purposes.
Including the full effect of the σ mean field the quark distribution is now given by
p n dp n |φ 2 (p n )| * 2
where the subscript 0 indicates that only the scalar field has been included and the vector field is yet to be incorporated.
Fermi Motion
The effect of Fermi motion on a bound nucleon can be included through a convolution of the quark distribution with a Fermi smearing function, f 0 (ỹ A ), which is given by [31] 
where the distribution has support for
The Fermi energy is given by
where p F is the Fermi momentum. Performing the convolution of the quark distribution in Eq. (33) with f 0 (ỹ A ) yields the distribution
Eliminating the δ-function we obtain the result
where, again, the subscript 0 indicates that the vector field effects have not yet been included.
The ω Mean Field
The vector field is included by scaling the quark distribution q A0 (x A ), and shifting the Bjorken variable x. The in-medium quark distribution then becomes [31] 
is the Fermi energy with the vector field included. Here V 0 is the mean vector potential felt by each light quark (hence 3V 0 for the nucleon as a whole). The new variable x A is the Bjorken scaling variable for a nucleon in the nucleus. These distributions may be plotted as a function of x through the relation
Results
As usual, in order to compare the PDFs calculated in a valence quark model to those measured in experiment, we must identify a non-perturbative scale, µ, at which the model best approximates the physical nucleon. This scale may be thought of as part of the model. It is determined by fitting one observable, for example the unpolarized structure function F p 2 (x) at 5 GeV 2 [33, 34, 35] . Here, the model scale is set µ = 0.2 GeV 2 by fitting the free, unpolarized valence quark PDFs after evolution with the next-to-leadingorder QCD evolution equations, by utilizing QCDNUM software tool [36] . It is worth noting, that the results presented here do not change significantly when using the leading order QCD evolution equations, and following the same procedure for determining the (different) model scale. Figure 1 shows a comparison between the model and the phenomenological nucleon valence PDFs of Martin et al. [37] at 10 GeV 2 . Clearly the model reproduces the main features of the empirical distributions quite well, although they do tend to go to zero a little too fast at large x. The parameters used here are summarized in Table 1 . The values taken for the σ and ω mean fields are typical of those found in the literature [8, 38] .We present the in-medium and free structure functions of the proton for the unpolarized and polarized case in Fig. 2 and Fig. 3 , respectively. We then present both the unpolarized and polarized EMC ratios for nuclear matter together in Fig. 4 .
Set Values
Resultant Values In the process of obtaining our results we were able to determine which in-medium modifications play the dominant role in producing the EMC effect. We found that the altered quark wave function, which arises both from the σ mean field, as well as the effect of Fermi motion, plays a very minor role in producing the EMC effect. The key players in producing the EMC effect, for both the unpolarized and polarized case, are the effect of the σ mean field on the nucleon and diquark masses and the energy shifts associated with the ω mean field. The effective nucleon and diquark state masses, arising from the σ mean field, cause a suppression of the in-medium structure function in the low to mid-x region. The vector potential, arising from the ω mean field, suppresses the in-medium structure function in the mid to high-x region, and also slightly opposes the effect of the σ mean field in the low-x region. Together these effects play the dominant role in producing the EMC effect. The premature rise in the EMC ratio at large x is related to the deficiency of the bag model for which the PDFs go to zero too rapidly in this region, as noted earlier.
From the result presented in Fig. 4 , we see that the prediction of the polarized EMC effect in the QMC model is about the same as that of the unpolarized effect. We stress that this polarized EMC effect is defined for a proton which is 100% polarized. In a real nucleus, such as 7 Li, for which a measurement is planned at Jefferson Lab [40] , one needs to account for the fact that the polarization of the bound proton is less than that of the nucleus.
Clearly there is a substantial EMC correction predicted for the spin dependent structure function, as large as the spin independent EMC effect. On the other hand, it is somewhat smaller than the spin dependent effect predicted in the NJL model [12] . This is almost certainly related to the much stronger suppression of g A found by Cloët et al., which was of order 20% in nuclear matter, roughly twice as large as the 8.9% The unpolarized EMC experimental data for nuclear matter is taken from Ref. [39] .
suppression found in the present work, with similar values in earlier QMC calculations [6, 38] . In view of the importance of any suppression of g A for searches for double beta-decay [41] , where it enters to the fourth power, this deserves further study.
Conclusion
We have studied the unpolarized and polarized EMC effect using the MIT bag to model the free nucleon and the mean field approximation along with the QMC model to model the bound nucleon. The in-medium modifications included the effect of the σ (scalar) and ω (vector) mean fields and Fermi motion.
We found that the calculation of the unpolarized EMC effect describes the trend of the experimental data in the valence region. The calculation also yielded a sizable polarized EMC effect, with the prediction being very similar in magnitude and shape to that of the unpolarized effect. We also found that together, the effective nucleon and diquark state masses arising from the σ mean field, and the vector potential arising from the ω mean field are the dominant contributors in producing the EMC effect for both the unpolarized and polarized case.
Our results on the relative sizes of the unpolarized and polarized EMC effects significantly differ with those previous calculations in the NJL model [12] , while it seems likely that the polarized effect is altogether suppressed in the short-range correlations approach [20, 21] . The upcoming experiments at Thomas Jefferson National Laboratory are expected to measure the polarized EMC effect in the near future, which should provide valuable new evidence concerning the different mechanisms for generating both the unpolarized and polarized EMC effects. This would provide us with further insight into the structure of the nucleon, as there is no doubt that spin physics has historically played a crucial role in developing our understanding of hadron structure.
